LOOD flow disturbance in a perforating artery attributable to aneurysm surgery can result in serious sequelae. Although intraoperative inspection may indicate preservation of the perforating artery, postoperative infarction in the area of the artery cannot be ruled out. Whereas the harmful effects of infarction in the territory of the AChA 5, 26, 35 and the perforating artery of the VA 8, 32, 33 have been reported, infarctions in other perforating arteries have not been studied in detail, nor have strategies been developed for their prevention. We retrospectively studied patients who underwent aneurysm surgery at our hospital and assessed the incidence of postoperative infarction in the perforating artery territories, the affected arteries, the clinical symptoms and prognoses, and the operative maneuvers that led to blood flow disturbance, and suggest techniques for avoiding such complications.
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Abbreviations used in this paper: ACA = anterior cerebral artery; AChA = anterior choroidal artery; ACoA = anterior communicating artery; BA = basilar artery; CT = computed tomography; ICA = internal carotid artery; LSA = lenticulostriate artery; MCA = middle cerebral artery; MEP = motor evoked potential; MR = magnetic resonance; PCoA = posterior communicating artery; PICA = posterior inferior cerebellar artery; SSEP = somatosensory evoked potential; VA = vertebral artery.
were divided into the following three groups: surgical maneuvers, cerebral vasospasm, or other factors. We included only those patients who developed cerebral infarction in perforating artery territories; those with infarcts in the territories of major cerebral arteries and their cortical branches were excluded. The affected perforating arteries were identified by previously reported methods. 2, 29, 30 The incidence of perforating artery infarction, the clinical symptoms, and the prognosis at 3 months after surgery were retrospectively examined. The operative maneuvers resulting in blood flow disturbance were independently identified by three neurosurgeons who reviewed operative videotape recordings.
Results

Incidence of Perforating Artery Infarction
Postoperative CT scans were available in 1043 patients (99.8%). We were not able to perform a CT scan in two patients due to their poor condition. These two patients died a few days after surgery. In 1043 patients, the first postoperative CT scan was performed the day after aneurysm surgery, and additional scans were obtained over a 2-week period. In 10 patients with VA aneurysms, additional MR imaging was performed to evaluate infarction in the posterior fossa. Postoperative cerebral infarction was recognized in 108 (10.4%) of the 1043 patients, and was attributable to aneurysm surgery in 79 patients (7.6%) and to cerebral vasospasm in 24 (2.3%). This 2.3% rate is equivalent to 4.1% in patients who underwent acute aneurysm surgery. The ratio of cerebral vasospasm to cerebral infarction appears to be low, which may be attributable to the continuous cisternal irrigation using urokinase and ascorbic acid 11, 23 that was performed to prevent cerebral vasospasm. Other factors played a role in five patients (0.5%) with cerebral infarction as follows: angiography in three patients, and embolism and hypotension in one patient each.
Of the 79 patients with infarctions attributable to surgery, 46 developed cerebral infarction only in the territory of the perforating artery. The infarctions in the other 33 patients involved the area of the major cerebral arteries and their cortical branches. Three of these 33 patients experienced perforating artery infarction, but because the infarction was distributed throughout the territory of the MCA it was not possible to isolate the effect of the perforating artery infarction, and these three patients were excluded from further study. Consequently, we studied 46 patients whose infarction was limited to the territory of the perforating artery. None of the 29 patients whose infarctions were attributable to cerebral vasospasm or other factors developed infarctions only in the territory of the perforating artery. Thus, 46 (4.4%) of 1043 patients suffered postoperative cerebral infarction in perforating artery territories as demonstrated on CT scans or MR images (Table 2 and Fig. 1 ). Of these 46 patients there were 14 men and 32 women with a mean age of 60.3 years (range 38-81 years). The 1043 patients presented with a total of 1232 aneurysms. The incidence of perforating artery infarction according to aneurysm location is shown in Table 3 .
Affected Arteries, Clinical Symptoms, and Prognosis
A summary of the patient profiles and neurological deficits in the 46 patients with cerebral infarction are given in Tables 2 and 4 , respectively. Results within each perforating artery group are listed in the following sections.
Anterior Choroidal Artery. All nine patients with infarcts in the AChA territory had undergone ICA aneurysm surgery. The infarction was located in the posterior limb of the internal capsule and all nine patients developed severe permanent hemiparesis. Their hemiparesis did not resolve over a prolonged period and their prognosis was consequently poor.
Lenticulostriate Artery. In nine patients, postoperative CT scans demonstrated a low-density area in the nucleus lentiformis and/or corona radiata, the territory of the LSA. Six of these patients developed hemiparesis, which was transient in four patients. Although the other three patients developed a small infarction in the nucleus lentiformis, they remained asymptomatic because the infarction did not involve the corticospinal tract. Of the nine patients, two (Cases 16 7 and 18) suffered permanent hemiparesis. Hypothalamic Artery. Two patients (Cases 19 and 20) with ACoA aneurysms suffered infarction in the bilateral basal forebrain, the territory of the hypothalamic artery. The patient in Case 19 developed transient diabetes insipidus and an electrolyte disorder. Postoperatively, both patients manifested persistent recent memory disturbances.
Posterior Thalamoperforating Artery. In five patients who had undergone surgery for a basilar bifurcation aneurysm, a cerebral infarction in the posterior thalamoperforating artery territory was recognized. The infarction was located in the paramedian part of the upper midbrain and thalamus. Three patients (Cases 21, 23, and 24) suffered bilateral infarction in the paramedian thalamus, and developed serious higher brain dysfunction and manifested apathy and inactivity. The other two patients presented with transient (Case 25) or permanent (Case 22) ocular movement disturbance due to unilateral midbrain infarction.
Perforating Artery of the VA. Cerebral infarction in the lateral medulla oblongata, the territory of the perforating artery of the VA, was observed in three patients (Cases 26-28). All three patients had undergone VA trapping for a dissecting aneurysm distal to the PICA with preservation of the PICA. These patients developed lateral medullary syndrome with permanent sequelae.
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Blood flow disturbance in perforating arteries Anterior Thalamoperforating Artery. All nine patients with a cerebral infarction along the distribution of the anterior thalamoperforating artery had ICA aneurysms. The infarction was in the genu of the internal capsule or in the anterior thalamus. Of these nine patients, five had mild hemiparesis, which was transient in four and permanent in one. * bif = bifurcation; dissect = dissection; EMD = eye movement disroder; GOS = Glascow Outcome Scale; GR = good recovery; LMS = lateral medullary syndrome; MD = moderate disability; RMD = recent memory disturbance; SD = severe disability; TO = temporary occlusion; -= no data.
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† Detected by median nerve stimulation. ‡ Evaluated using the Manual Muscle Test. § Three months after surgery. || Transient. ** Detected by posterior tibial nerve stimulation.
The other four patients were asymptomatic. Postoperative anterior thalamoperforating artery infarction had no significant effect on the prognosis.
Recurrent Artery of Heubner. Cerebral infarction in the territory of the recurrent artery of Heubner occurred in nine patients, all of whom had an ACoA aneurysm. On CT there was a low-density area in the head of the caudate nucleus in all nine cases. Four patients (Cases 40, 43, 45, and 46) transiently developed mild disorientation or dementia but the other five were asymptomatic.
Operative Maneuvers Leading To Blood Flow Disturbance in Perforating Arteries
A summary of the patient profiles and the operative maneuvers implicated in postoperative blood flow disturbance in the 46 patients with cerebral infarction are given in Tables 2 and 5 , respectively. Results within each operative maneuver are listed in the following sections.
Aneurysmal Neck Clipping. The maneuver that most frequently led to perforating artery infarction was aneurysmal neck clipping (21 patients [45.7%]). Six of these patients (Cases 1, 3, 4, 5, 6, and 8) developed cerebral infarction in the posterior limb of the internal capsule, the territory of the AChA. In the patient in Case 6, the AChA was difficult to identify during and after aneurysmal neck clipping. In the patient in Case 3, at least one AChA was thought to be preserved; however, an additional AChA might have existed behind the aneurysm. The patients in Cases 1, 5, and 8 had severe atherosclerotic ICA changes. Although microscopic inspection indicated a well-preserved AChA and Doppler ultrasonography confirmed blood flow, aneurysmal neck clipping resulted in intraarterial stenosis or occlusion. In the patient in Case 4, the AChA was occluded with the first clip placement, which was then moved to the dome side of the aneurysm to release the AChA occlusion, but the AChA lumen remained closed after clip removal.
The patient in Case 16 7 had a giant, thrombosed MCA aneurysm 60 mm in diameter and developed infarction in the nucleus lentiformis and corona radiatae, the territory of the LSA. In this case, the MEP disappeared during placement of multiple clips. Although the clips were removed immediately, the MEP failed to return. We had no other choice but to clip the aneurysm, and severe permanent hemiparesis developed in the patient.
One patient (Case 20) had a posterior projecting ACoA aneurysm and developed infarction in the basal forebrain, the territory of the hypothalamic artery. This infarction was caused by insufficient visual confirmation of the hypothalamic artery, which was located behind the aneurysm, at the time of aneurysmal neck clipping. * Others category includes aneurysms in the distal ACA, the distal posterior cerebral artery, the PCoA, and the other peripheral arteries.
or thalamoperforating artery that was attributed to aneurysmal neck clipping. In four patients (Cases 22-25) the subtemporal approach 3,4,12 was used, and in the other patient (Case 21) the pterional approach was used. The infarction occurred in the unilateral or bilateral paramedian upper midbrain and thalamus. In one patient (Case 21) the posterior thalamoperforating artery was occluded during stretching of the arterial wall due to aneurysmal neck clipping, and in the other (Case 24) the entire posterior thalamoperforating artery was hidden behind a large aneurysm and could not be identified.
In four of eight patients with infarction in the territory of the anterior thalamoperforating artery (Cases 29, 30, 32, and 35) the vessel was directly occluded by a clip. In the other four patients (Cases 31, 33, 36, and 37), secondary blood flow disturbance was attributed to clip-induced stenosis of the PCoA; these patients manifested marked atherosclerotic changes in the ICA and the aneurysmal neck.
Temporary Occlusion of the Parent Artery. The second most frequent maneuver that led to postoperative sequelae was temporary occlusion of the parent artery (9 patients [19.6%]) (Fig. 2) . Four of these patients (Cases 2, 7, 9, and 34) had undergone temporary ICA occlusion lasting from 7 to 20 minutes. In three patients (Cases 2, 7, and 9) the infarction was in the AchA, and in one patient (Case 34) it was in the anterior thalamoperforating artery territory. The patient in Case 9 underwent intraoperative MEP monitoring; 27 we could not release ICA occlusion in this patient for 17 minutes because of severe bleeding due to intraoperative rupture of the aneurysm. Consequently, the MEP disappeared and did not return in the course of surgery. In one patient (Case 12), a 15-minute occlusion of the M 1 portion of the MCA led to infarction in the nucleus lentiformis. In four patients (Cases 39, 40, 44, and 45), temporary occlusion of the A 1 portion of the ACA was determined to be the cause for the infarct in the caudate head supplied by the recurrent artery of Heubner. In two of these patients, the dominant A 1 portion of the ACA was occluded for 16 (Case 44) and 20 (Case 39) minutes. In the other two patients, both A 1 portions leading to the ACoA were occluded for seven (Case 45) and 25 (Case 40) minutes. In all nine patients, temporary occlusion of the main cerebral artery lead to infarcts that involved only the peripheral portion of the perforating artery (those in the deeper portions of the brain), sparing the cortical areas.
Direct Injury. The third most frequent maneuver resulting in postoperative infarction was direct injury to the perforating artery (7 patients [15.2%]). In three patients (Cases 10, 13, and 14), the LSA was distended during brain retraction with a spatula. In another two patients (Cases 38 and 46), the recurrent artery of Heubner was pulled during dissection of an ACoA aneurysm. In the remaining two (Cases 11 and 17), the LSA was directly injured and had to be sacrificed during the dissection of an aneurysm located at the M 1 portion of the MCA.
Retraction With a Spatula. In five (10.9%) of 46 patients, the postoperative sequelae were attributable to brain retraction. In three patients (Cases 41, 42, and 43), excessive retraction of the frontal lobe led to infarcts in the recurrent artery of Heubner territory. Two patients with aneurysms located at the PCoA (Case 15) or the bifurcation of the BA (Case 18) developed infarction in the LSA territory due to excessive and prolonged retraction of the MCA.
Trapping of the Parent Artery. Four patients (8.7%) developed postoperative complications due to trapping of the parent artery. In three patients (Cases 41-43) with a dissecting aneurysm distal to the PICA origin, the VA was trapped at a portion distal from the PICA. Despite efforts to preserve the perforating artery under microscopic observation, the perforating artery to the medulla oblongata had to be sacrificed. In the other patient (Case 19), intraoperative injury to the aneurysmal neck necessitated trapping of the ACoA. This patient developed an infarction in the bilateral forebrain, the territory of the hypothalamic artery.
Discussion
In patients undergoing aneurysm surgery, efforts must be made to preserve the perforating arteries, especially those of the AChA, LSA, hypothalamic artery, posterior thalamoperforating artery, and perforating artery of the VA, because injury to these vessels tends to result in the most severe symptoms.
Given that we identified aneurysmal neck clipping as the surgical technique most often implicated in the postoperative occurrence of infarctions in the perforating artery territories, the surgeon must not only focus on avoiding intraoperative aneurysm rupture but must also carefully identify all of the relevant perforating arteries. Because three or four branches of the AChA may incidentally branch out from the ICA, 18, 19 the area behind the ICA must be carefully inspected using a micromirror or endoscope. Additionally, if the perforating artery is already occluded by an aneurysmal clip its lumen may fail to expand after removal of the first clip. Therefore, we recommended that clips be placed a little farther away from the aneurysmal neck leaving the origin of the perforating artery. The dissection of a perforating artery adhering to the aneurysmal dome should proceed from distal to proximal portions because aneurysmal rupture is more difficult to control at the proximal portion near the neck than at the distal portion of the aneurysm. Perforating arteries on the aneurysmal wall move due to pulsation, and appropriate techniques for their dissection have been described. 3, 10, 24, 34 In patients with advanced atherosclerotic changes in the parent artery and/or aneurysmal neck, clipping right at the aneurysmal neck is dangerous because the internal arterial wall is stretched with clip placement, resulting in occlusion or stenosis of the parent or perforating artery. The neurosurgeon should feel the hardness of the arterial wall and slowly occlude the aneurysm with clip placement a little farther away from the neck. External inspection of a vessel using a microscope, micromirror, or endoscope is not conclusive with respect to adequacy of the vascular blood flow because the perforating artery is frequently red, even in patients who develop blood flow disturbance. Doppler ultrasonography cannot confirm whether the blood flow is sufficient enough to avoid infarction. In addition, there are two methods of Doppler ultrasonography: the continuous-wave method and the pulse-wave method. Surgeons should exercise caution when using the continuous method because this method may actually detect flow derived from vessels other than the target artery. 1, 9 When the brain is released from retraction with a spatula its return to its original position may push the clip head, which may result in clip rotation or deviation and lead to blood flow disturbance in the perforating artery adjacent to the aneurysm. 21 Therefore, to overcome this problem, we recommend careful inspection after releasing the spatula and an appropriate selection of aneurysmal clips. Clip rotation frequently occurred due to compression of the clip head by the brain. Because the Weck clip does not have a clip head, using this type might avoid clip rotation, depending on the situation.
The second most frequent maneuver resulting in postoperative infarctions was temporary occlusion of the parent artery. The occlusion time in these nine patients ranged from 7 to 25 minutes (mean 16 minutes), a duration previously reported as safe. 15 In all of these patients the infarctions were restricted to the peripheral territories of the perforating artery and did not involve the territory of cortical branches of any major cerebral arteries. According to the intravascular pressure gradient theory, 6 ,25 even a slight decrease in blood flow in a large major artery may result in severe ischemia in the peripheral territory of the perforating artery. This theory suggests that after short-term (Յ 10 minutes) occlusion of a major cerebral artery an infarct may develop in the deep brain supplied by the perforating artery.
Direct injury to a perforating artery was the third most common operative maneuver leading to postoperative infarction. It is particularly important to avoid pulling the LSA when a perforating artery adhering to the aneurysmal dome is dissected away from the aneurysm located at the M 1 portion of the MCA. Also, care must be taken to avoid pulling the recurrent artery of Heubner from the A 1 -A 2 complex with the brain retractor.
The fourth most common operative maneuver resulting in blood flow disturbance was retraction of the major arteries or the brain with a spatula. Extreme care must be exercised to avoid compressing the recurrent artery of Heubner during retraction of the frontal lobe and of the MCA when the transsylvian approach is used to gain access to aneurysms in the posterior circulation.
Trapping of the parent artery was the operative maneuver that resulted in the fewest postoperative infarctions. In three patients with a ruptured dissecting VA aneurysm, the distal portion of the VA after the origin of the PICA was trapped. In one patient (Case 19), trapping of the ACoA was inevitable due to intraoperative rupture of the neck of the ACoA aneurysm. In a patient with a dissecting VA aneurysm, combined endovascular treatment using stents and coils 13 may be a viable alternative. Detecting blood flow disturbance in perforating arteries is important for avoiding such a disturbance. Intraoperative monitoring using electrophysiological methods is helpful, and monitoring MEPs 7, 21, 27, 31 is currently the most reliable technique for detecting blood flow disturbance in the ICA and MCA areas. Our group found that in patients undergo-
Graph showing the occluded artery, occlusion time (minutes), and territory of the cerebral infarction in nine cases of infarction attributable to temporary occlusion of the parent artery. None of these patients experienced infarction in the territory of cortical branches of a major cerebral artery. Asterisk indicates temporary occlusion of the bilateral A 1 portion of the ACA.
ing surgery for ICA aneurysms, MEP data alerted the neurosurgeon to blood flow disturbance in the AChA. 27 Similarly, during surgery for MCA aneurysms, MEP monitoring detects blood flow disturbance in the LSA and cortical branches if they supply the corticospinal tract. 7 On the other hand, SSEPs failed to identify blood flow disturbance in the AChA 27 and blood flow disturbance in the LSA was detected earlier and more clearly using MEPs than with SSEPs. 7 After the introduction of intraoperative MEP monitoring, we encountered 23 cases in which it was useful for avoiding postoperative infarction. We also encountered two cases in which blood flow disturbance due to aneurysmal clip rotation was detected using MEP monitoring. 21 With respect to the territory supplied by the ACA, posterior tibial nerve SSEPs 20, 22 can detect blood flow disturbance in patients undergoing neck clipping for aneurysms in the A 2 and A 3 portions of the ACA. On the other hand, at present there are no reliable methods that alert the neurosurgeon to blood flow disturbances in the hypothalamic artery branching from the ACoA complex. Although it has been reported that SSEP and MEP monitoring detected blood flow disturbance in the perforating artery branching from the BA bifurcation during surgery for a BA aneurysm, 17 in two of our patients (Cases 21 and 22) neither method alerted us to any significant intraoperative changes and both patients developed bilateral infarction in the territory of the posterior thalamoperforating artery. Medullary trigeminal evoked potential monitoring 16, 28 was reported as a method for the intraoperative monitoring of the lateral medulla oblongata, and we are conducting studies to determine whether this method is clinically useful for the detection of blood flow disturbance in the perforating arteries of the VA that supply the medulla oblongata.
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Conclusions
Cerebral infarction in the perforating artery territories after aneurysm surgery occurred in 46 (4.4%) of 1043 patients and resulted in poor outcomes in 21 (2.0%) patients. To improve the treatment outcome in patients undergoing aneurysm surgery, special attention must be given to the AChA, LSA, hypothalamic artery, posterior thalamoperforating artery, and the perforating artery of the VA. Intraoperative MEP monitoring contributed to the detection of blood flow disturbances in the territory of the AChA and LSA.
